ABSTRACT Sampling of Lepidoptera-infesting cotton bolls [Helicoverpa armigera (Hü bner), Diparopsis watersi (Rothschild), Spodoptera littoralis (Boisduval), and Earias spp.] in Cameroon is based on examination of whole plants. To reduce the time taken by sampling procedures, we studied the suitability of a subsampling plan based on examination of plant terminals. The development of such a subsampling plan requires that the proportion of larvae located on plant terminals should remain constant. However, our study of the within-plant distribution of larvae revealed that their proportion on the Þve upper fruiting branches was too variable to allow the development of a sampling plan. Examination of the 10 upper branches led to less variable results, but the proportion was still signiÞcantly inßuenced by the pest species and time after crop emergence. We designed a conservative sampling plan in which the proportion was constant and equal to the lower bound of the 90% conÞdence interval for its predicted minimum (0.594). With this underestimation, the probability distribution of the number of larvae on the ten upper branches of a n plant sample was a compound of a negative binomial and a binomial distribution. These results enabled the design of a sampling plan that reduces sampling time by up to 60%, but the cost of this reduction is an increase in the risk in deciding on intervention when the mean infestation is lower than the critical density.
BOLL-FEEDING LEPIDOPTERA ARE THE main pests of cotton in Cameroon. The main boll-feeding Lepidoptera are four noctuids: Helicoverpa armigera (Hü bner), Diparopsis watersi (Rothschild), Spodoptera littoralis (Boisduval), and two species of the genus Earias spp. [E. insulana (Boisduval) and E. biplaga Walker] that are morphologically and biologically similar. A threshold-based pest management program was developed in Cameroon (Deguine et al. 1993) and was extended in Ͼ70% of the cotton area in 1994. But since then, a regular decrease in the acreage enrolled in this program has been noticed. The explanations include the difÞculty of pest sampling procedures. Pest sampling is considered to be tedious work by scouts or cotton growers, especially in square and boll sampling.
The current sampling procedure in Cameroon requires examination of whole plants to record the number of lepidopteran larvae on 25 plants per Þeld. One of the techniques for reducing the cost of sampling procedures is to develop subsampling plans that concentrate on the parts of the plant most likely to be occupied by the pest, allowing a reduction in the time required to examine each plant (Wilson 1982) . Several works have addressed the within-plant distribution of eggs of lepidopterous cotton pests (Matthews and Tunstall 1968; Beeden 1974; Hillhouse and Pitre 1976; Wilson et al. 1980 Wilson et al. , 1982 Karmawati 1988; Solsoloy et al. 1994) . Fewer have studied the vertical distribution of larvae (Fye 1972 , Ramalho et al. 1984 . All of these studies concluded that the eggs and the larvae are concentrated in the upper part of plants. Examination of the terminal part of plants seems, therefore, to be promising approach for reducing sampling effort. The aim of the current study was to determine whether a sampling procedure based on examination of plant terminals would be suitable for Cameroon cotton pest management.
Materials and Methods
The problem of sampling only a part of the plants lies in the determination of the probability distribution of the number of larvae per plant part as a function of the mean number of larvae per plant (). For every possible number I of larvae per plant, there is a probability distribution of the number J of larvae on the plant part considered: this is the probability distribution of J conditional to I. This conditional probability distribution is characterized by the P(J ϭ j  I ϭ i) values (probability of observing j larvae on the plant part, knowing the number i of larvae on the whole plant). It is possible to obtain the probability distribution of J as a function of from the probability distribution of I as a function of by using the following total probability theorem:
Let us assume that each of the i larvae present on a plant is located independently of the other larvae present on the plant (a hypothesis that is questionable from a biological viewpoint) and has a constant probability r of being in the upper part of the plant. Then, if there are i larvae on a plant, the number J of larvae located on the upper part of the plant has a binomial distribution with parameters i and r.
The probability distribution of I has already been studied in Cameroon for the total number of bollworm larvae, irrespective of the species. It is a negative binomial distribution with parameter k ϭ 5.70 (Beyo et al. 2004) . Further work consists of studying the vertical distribution of bollworms on plants to verify whether the proportion in the upper part of the plant is constant.
Within-Plant Distribution of Larvae
The vertical distribution of larvae on plants was studied in on-farm observation plots at Maroua (Cameroon) for 4 yr, from 1996 to 1999. Two 2,500-m 2 observation plots were used each year: one treated plot (deltamethrin, 9 g [AI]/ha, every 14th day, Decis 60 EC, Bayer Crop Sciences, Lyon, France) and one untreated plot. Each plot was sampled every second day. Sampling was performed row after row, all plants of a row being sampled. The number of larvae per plant and the location of these larvae on the plant were recorded. In total, 17,857 plants were observed and 4,142 larvae were recorded. The cultivation sequence (variety, weeding, fertilization) of the plots was in accordance with the recommendations for the area. The plant density was thus 100,000 plants per hectare (80 cm between rows, 25 cm between sowing holes, thinning to two plants per sowing hole). The variety sown was IRMA 1243.
Analysis of Stability of Vertical Distribution of Larvae on Plants
Cotton in Cameroon is grown by a large number of small landholders and extension services are not always sufÞcient. It was thus essential to design a simple sampling procedure to facilitate its adoption. We therefore chose to study the proportion of larvae located on the Þve or on the 10 upper fruiting branches of plants, considering that such a procedure would be easy to explain and to extend. Vegetative branches were systematically considered as belonging to the lower part of the plant, even when the number of fruiting branches of the plant was lower than Þve or 10.
We studied the effect of four factors on the proportion of larvae in the upper part of plants: insecticide protection (treated versus untreated), pest species (H. armigera, D. watersi, Earias spp., S. littoralis), observation date (days after emergence), and observation year (4 yr). In line with the binomial hypothesis explained above, we used a logistic model to study the effect of the four factors on this proportion (PROC GENMOD, SAS Institute 1990 ).
An alternate system could be the examination of a relative part of the plant, e.g., the upper third of the plant, as suggested by Wilson et al. (1980) , because it should be more likely to yield a stable proportion of larvae, if the mean position of the larvae is a linear function of the total number of branches. We also have studied this stability by plotting the mean position of the larvae as a function of the total number of mainstem nodes.
Probability Distribution of Number of Larvae on Upper Branches
Probability Distribution of Number of Larvae per Plant. The study of the vertical distribution of the larvae on plants revealed that the proportion r of larvae on the upper part of the plant depends on the age of the crop. The relationship is quadratic and the proportion reaches a minimum 80 Ð90 d after emergence. The amplitude of the ßuctuation of the proportion seemed greater with Þve branches than with 10 branches. When the Þve upper branches were examined, the amplitude of these ßuctuations was too great for it to be possible to construct a sampling plan. We therefore considered only the development of a sampling plan based on the examination of the 10 upper branches.
These ßuctuations in r conßict with the need for a constant value to develop a sampling protocol. We bypassed the difÞculty by assigning a Þxed value to r. This value (r ϭ 0.594) was chosen as the lower bound of the 90% conÞdence interval of the estimated minimum of r as a function of the date of sampling according to the logistic model. Because the value of this minimum depends on the pest species and the lowest value was observed for D. watersi, we chose this. With this method, the proportion of larvae on the 10 upper branches is nearly always underestimated, even in the case of a population consisting only of D. watersi. This underestimation of the sampled proportion reduces the risk of underestimation of the pest population.
Probability Distribution for an n Plant Sample. If the sample size is n plants, the determination of the probability distribution of the number X of larvae on n whole plants is a negative binomial distribution with parameters n. and n. k, the probability distribution of the number Y of larvae on the upper part of n plants conditional to X is then a binomial distribution with parameters X and r. The probability distribution of Y is, therefore, a compound of a binomial distribution and a negative binomial distribution.
Fixed Size Sampling Plan
Action Thresholds. Below, we use the concept of critical density deÞned by Binns et al. (2000) as the pest density targeting a control measure. This concept is more general than the concepts of economic injury level or of economic threshold (Binns et al. 2000) . The aim of a sampling plan is to allow decision making according to a given critical density and with given risks of an incorrect decision. Here, we calculate an action threshold (i.e., the number of larvae in the sample) that corresponds to the chosen critical density, risk of a missed spraying, and sample size.
We computed the cumulative probability function for sample sizes of 25 or 50 plants, considering that a larger sample size would be difÞcult for small landholders to use. The action threshold was then determined for these two sample sizes for critical densities ranging from 0.01 to one larva per plant. The results are presented in graphic form.
Estimation of Risks. Because we assigned to r the value of the lower bound of the proportion of larvae in the 10 upper branches, it is likely that the sampling plan will overestimate the number of larvae on whole plants, particularly at the beginning and at the end of the cropping season when most of larvae gather on plant terminals. The actual risk of intervening when the critical density is not reached should, therefore, be higher than the values supported by theoretical calculations. We estimated this risk by plotting the theoretical operating characteristic (OC) curve when the proportion r of larvae in the upper part of plants is higher than the value for which the sampling plan was designed (i.e., r ϭ 0.594). Three values were used: 0.7, 0.8, and 0.9. Two critical densities were chosen as examples: 0.16 and 0.48 larvae per plant. According to the sampling plan, the action densities were respectively one and four larvae per 25 plants.
Reduction in Sampling Duration and Cost of Overestimation of Pest Populations. The sampling duration of both sampling plans (whole plant examination versus 10 upper branches examination) was measured in 1996. Twenty-Þve plants were sampled each week, and the duration of the sampling was recorded with both methods.
The cost of the overestimation of pest population was evaluated by simulation. For this evaluation, we have used larvae population dynamics data from an on-farm treated plot in 2001. This actual population dynamics is refereed as "low infestation" (mean, 0.021 larvae per plant; peak infestation, 0.072 larvae per plant). We also used the same population dynamics with infestation means increased by a three-fold ("medium infestation"), nine-fold ("high infestation"), or 15-fold ("very high infestation") factor. The proportion of larvae located in the ten upper branches of the plants was calculated using the quadratic relationship with age of the crop (Fig. 3 , species not taken into account). We considered that the spraying schedule was six sprays evenly spaced from 45 to 120 days after emergence. For each spraying date, we calculated the probability to intervene with both the sampling methods, according to the Þeld mean infestation, by using the OC curves. The OC curve for whole plant sampling was calculated with the negative binomial distribution with parameter k ϭ 5.70 (Beyo et al. 2004 ). The critical density value was arbitrarily chosen at 0.32 larvae per plant (20,000 larvae per hectare). Action thresholds for 25 plant samples were three larvae for whole plant sampling (Beyo et al. 2004 ) and two larvae for the 10 upper branches sampling (Fig. 4) . The total number of sprays is the sum of the six individual probabilities of spraying at each of the six dates of intervention. This simulation is biased because we supposed that the pest population dynamics is unaffected by the number of sprays (i.e., the whole plant sampling plan has the same mean larvae population although fewer sprays are carried out than for the 10 upper branches sampling plan).
Results

Within-Plant Distribution of Boll-Infesting Larvae.
The evolution of the mean location of larvae in the plant is illustrated by Fig. 1 . A clear quadratic relationship is noticed between the average number of mainstem nodes and the mean location of larvae in the plant. Such a relationship excludes that the relative position of larvae in the plant (node of location/mainstem node number) could remain constant during the growing of the plant. A constant relative position of larvae would imply a linear relationship passing through origin.
The effect of days after plant emergence on the proportion of larvae in the upper part of the plant is shown in Figs. 2 and 3 . The proportion decreased steadily until Ϸ80 Ð90 d after emergence. The opposite trend was observed during the later part of the cropping season, with the proportion increasing regularly. Variation was so large on the Þve upper branches (from 0 to 1) that this sampling unit seems unsuitable for developing a sampling plan. Therefore, we only pursued the analysis by using the 10 upper branches, where the variation is smaller, as the sample unit.
Preliminary analysis showed that the proportion of larvae on the 10 upper branches is not signiÞcantly linked to insecticide protection (P ϭ 0.7649) or to the year of sampling (P ϭ 0.1360). These two factors were therefore discarded in subsequent analysis. Likewise, the interaction of the pest species with the second order term for the date effect was not signiÞcant (P ϭ 0.5901) and also was discarded. The results of the analysis of deviance are detailed in Table 1 .
The lower bound of the 90% conÞdence interval of the predicted minimum values for the four pests were 0.594, 0.675, 0.664, and 0.667, respectively for D. watersi, Earias spp., H. armigera, and S. littoralis. The lowest value is for D. watersi.
Fixed-Size Sampling Plan. Fig. 4 is a graph of the action threshold with a 10% risk of not spraying when the critical density is exceeded, according to the number of plants sampled.
For example, for a critical density of 30,000 larvae per ha (i.e., 0.3 larvae per plant with a density of 100,000 plants per hectare), the action threshold is two larvae per 25 plants or Þve larvae per 50 plants.
When the critical density is too low, the sampling plan does not allow decision making with a 10% risk: the action threshold is null, meaning that the decision is systematically "to spray." This limit is 0.15 larvae per plant for a 25-plant sample size and 0.07 for a 50-plant sample size.
Estimation of Risks. The solid lines in Figs. 5 and 6 illustrate the theoretical OC curves for critical densities of 0.16 and 0.48 larvae per plant. Dashed lines illustrate the OC curves when the proportion of larvae on the 10 upper branches is higher than its minimum Fig. 2 . Relationship between date of sampling (days after emergence) and proportion of larvae located on the Þve upper branches of the plant. value. As expected, the higher the proportion, the higher the probability of intervention, and the higher the risk of undue intervention. This deviation from the theoretical OC curve is stronger for the higher critical density value.
Reduction in Sampling Duration and Cost of Overestimation of Pest Populations. Fig. 7 illustrates the reduction in sampling duration allowed by the 10 upper branches sampling plan. The highest reductions are recorded 90 d after emergence. The reduction is smaller at the beginning and at the end of the ßow-ering period. Table 2 gives the results of simulations of spray number increase resulting from overestimation of pest populations. The simulated cost of overestimation ranges from 1.31 to 1.97 sprays. 
Discussion
We have developed a sampling plan based on examination of plant terminals and also have demonstrated that vertical distribution within cotton plants depends on the time after emergence of the crop. Similar ßuctuations of the vertical distribution of bollfeeding insects are observed in data published by Ramalho et al. (1984) for Heliothis virescens (F.) larvae, Solsoloy et al. (1994) for H. armigera eggs, Fye (1972) for Helicoverpa zea (Boddie) larvae, and Beeden (1974) for D. watersi eggs. In the absence of data on the vertical distribution of fruiting organs, we can only formulate a hypothesis to explain the ßuc-tuation of vertical location of larvae. Cotton plants are fairly small at the beginning of the ßowering period and the 10 upper branches form most or all of the fruiting branches. Examination of the 10 upper branches, therefore, results in detection of most of the larvae. As the plants grow, the range of location of the fruiting organs attacked by the larvae (i.e., ßower buds and young bolls) increases, larvae explore this larger range, and the proportion of larvae located on the 10 upper branches decreases. At the end of the ßowering season, the fruiting organs in the lower part of the plant are too old to be attacked and larvae tend to concentrate on plant terminals again.
Perhaps this undesirable variation of sampled proportion of larvae could be avoided by sampling a constant proportion of the plants, rather than a constant number of branches. Unfortunately, our results (Fig. 1) show that a constant proportion of sampled branches would not yield a constant proportion of sampled larvae. Furthermore, such a sampling plan would complicate the sampling procedure: the farmer would have to estimate the mean main stem number of nodes beforehand, and then compute the number of nodes to be sampled by using a decimal multiplication with a round off. Most of peasants are illiterate or have a low school level and are unable to perform such calculations with reliable results.
The implementation of a sampling plan based on the observation of plant terminals considerably reduces sampling time. The measurements made in this study show that a maximal 70% reduction in sampling time could be achieved. However, this reduction is at the expense of an increase in unjustiÞed interventions. The choice between the gain in acceptability of threshold spraying for farmers (reduction of sampling effort) and the cost of increase of number of sprays has to be made according to economic and operational constraints.
The sampling plan described, with a sample unit of the 10 upper branches was designed using 4 yr of on-farm data. Further work is needed to validate it in farmersÕ Þelds throughout the cotton cultivation area in Cameroon. 
